ABSTRACT: Factors such as oceanographic retention, isolation by distance and secondary contact zones have, among others, been suggested to explain the low, but statistically significant, neutral population structure observed in many marine fishes. European sprat Sprattus sprattus L. is not known to display philopatric spawning behaviour or to exhibit local retention of eggs and larvae. It thus constitutes a good model for studying population structure in a characteristic small pelagic fish with high dispersal potential and an opportunistic life history. We analysed 931 specimens of sprat from 9 spawning locations in and around the North Sea and Baltic Sea area and from a geographically distant population from the Adriatic Sea. Analyses of 9 microsatellite loci revealed a sharp genetic division separating samples from the northeastern Atlantic Ocean and the Baltic Sea (pairwise θ = 0.019 to 0.035), concurring with a steep salinity gradient. We found, at most, weak structure among samples within the northeastern Atlantic region and within the Baltic Sea (pairwise θ = 0.001 to 0.009). The Adriatic Sea population was highly differentiated from all northern samples (pairwise θ = 0.071 to 0.092). Overall, the observed population structure resembles that of most other marine fishes studied in the North and Baltic Sea areas. Nevertheless, spatially explicit differences are observed among species, probably reflecting specific life histories. Such fine-scale population structures should be taken into account when considering complex ecosystem functions, e.g. in multispecies stock management.
INTRODUCTION
Over the last decades ample evidence of significant, albeit commonly low, levels of genetic population differentiation has been accumulated for marine fishes (e.g. Ruzzante et al. 1998 , Pampoulie et al. 2004 , Jør-gensen et al. 2005 , Hemmer-Hansen et al. 2007b ). These studies have challenged the long-held view of predominantly limited population structure in marine fishes inhabiting large coherent environments with few physical barriers. Different explanations have been proposed to account for observed population structure in marine fishes. For example, physical forcing by current systems and local gyres may retain eggs and larvae in local nursery areas (Ruzzante et al. 1998) , and historical events (e.g. geological processes) can lead to genetic divergence of populations by isolating contingents of populations in temporary refugia (Hewitt 2004 , Knowles & Richards 2005 . Furthermore, adaptation to local environments can lead to establishment of gene-flow barriers across environmental transition zones through hybrid inferiority (Barton & Hewitt 1985) .
The North Sea-Baltic Sea transition zone represents a major environmental gradient, characterised by a dramatic change in salinity over a few hundred kilometres from oceanic conditions (30 to 35 ‰) in the Skagerrak to an average salinity of 8 to 10 ‰ in the Western Baltic Sea. The colonisation by marine species in the Baltic Sea is believed to have been achieved as a result of specific adaptations to life in a marginal environment (e.g. Ojaveer & Kalejs 2005) . In the North Sea-Baltic Sea transition zone salinity levels are expected to exert a significant selective pressure on local populations although other environmental factors, such as temperature dynamics, are also expected to play a role. Indeed, it has been shown that Baltic (Atlantic) cod Gadus morhua L. tolerate lower salinities during egg fertilisation and the egg phase compared with populations from the Skagerrak (Nissling & Westin 1997) . Timing of spawning also seems to conform to spatial and temporal production peaks (Tomkiewicz et al. 1998 , Ojaveer & Kalejs 2005 .
Molecular studies have identified genetically distinct North Sea and Baltic Sea fish populations in, for example, Atlantic herring Clupea harengus L. , turbot Psetta maxima L. (Nielsen et al. 2004) , Atlantic cod Gadus morhua L. (Nielsen et al. 2003) and European flounder Platichthys flesus L. (HemmerHansen et al. 2007b) , as well as in many other organisms such as algae and invertebrates (see Johannesson & Andre 2006 for a review). Overall, studies suggest restricted gene flow across the North Sea-Baltic Sea transition zone, but spatial patterns vary among species. Thus, interspecific comparisons may reveal the relative importance of specific environmental factors and/or biological traits for shaping patterns of population structure (Patarnello et al. 2007) .
European sprat Sprattus sprattus L. is a pelagic schooling clupeid fish. Tolerating temperatures down to ~5°C (Nissling 2004) and salinities down to ~4 ‰ (Whitehead 1985) , this species has successfully colonised a wide range of environments. Sprat is distributed in the Atlantic Ocean from the Norwegian west coast in the north to Morocco in south, including the Baltic Sea, and in the northern Mediterranean Sea and the Black Sea (Whitehead 1985) . In the northeast Atlantic, spawning sprat concentrate in the deep basins of the Baltic Sea, in the Skagerrak/Kattegat area, the southeastern North Sea (German Bight) and from the English Channel to the north along the British west coast (Parmanne et al. 1994 and references therein, ICES 2007) . Spawning, however, occurs throughout the species' distribution, and philopatric spawning migrations have not been described (Köster et al. 2003b) . Further, local abundance and interannual movement among feeding areas can show substantial variation (Stepputtis 2006) . In comparison, other species, such as cod and herring inhabiting the same areas exhibit spawning characteristics including homing and local retention of eggs that may induce stronger genetic isolation among components (Voipio 1981 , Iles & Sinclair 1982 , Aro 1989 . In sprat, the continuous distribution of spawning habitat coupled with opportunistic vagrant behaviour (De Silva 1973 , Alheit 1988 suggest limited barriers to gene flow among areas and lead to expectations of weak population differentiation in comparison with, for example, herring and cod. Based on mtDNA data, sprat has been divided into 2 major phylogenetic clades geographically separated by the Strait of Sicily, and 1 clade showing signs of a more recent (since 13 000 to 7600 yr BP) northwards expansion into the North and Baltic seas from an Atlantic refugia (Debes et al. 2008) . Within the Baltic Sea, differences in meristic and morphometric characters, otolith structure and area specific stock dynamics have led several authors to suggest the occurrence of reproductively isolated populations (e.g. Aro 1989 , Ojaveer 1989 ). However, these hypotheses have not been evaluated using genetic markers with sufficient resolution for identifying small-scale population structure (but see Kozlovski 1988) .
In the present study, highly variable microsatellite markers were used to analyse European sprat samples from major spawning areas ranging from the central Baltic Sea to the Celtic Sea in the northeastern Atlantic Ocean. We ask the following questions: (1) Does sprat exhibit population structure at large (among seas) as well as regional (within sea) scales? (2) Are potential barriers to gene flow concurrent with salinity gradients in the area? (3) How does sprat population structure compare with that of other fishes in the North Sea-Baltic Sea transition zone? (4) Which biological and physical factors are likely to explain differences and similarities among species?
MATERIALS AND METHODS
Sample collection. A total of 969 sprat were collected during peak spawning time (March to May) in major spawning areas in and around the North Sea and the Baltic Sea (Table 1, Fig. 1 ). In total, 9 locations were sampled, of which 2 (German Bight and Bornholm Basin) included temporal replicates to test for temporal stability of genetic composition within locations. The stage of maturity was determined for all specimens, except for the Adriatic Sea sample. Prefer-ably, only specimens in spawning condition were included in the genetic analyses to ensure proper representation of the local spawning populations. The Adriatic Sea specimens were caught in a local spawning area during spawning season. The Celtic Sea sample was collected outside the spawning season and could potentially include migrants from other populations.
Molecular analyses. DNA was extracted from fin or muscle tissue and stored in 96% ethanol using the DNeasy kit 250 (QIAGEN). Genetic variation was analysed at 9 fluorescently labelled dinucleotide microsatellite loci developed for sprat: Spsp47D (TET), Spsp77C (HEX), Spsp133 (FAM), Spsp154 (TET), Spsp170 (FAM), Spsp202 (HEX), Spsp219 (HEX), Spsp256 (TET) and Spsp275 (FAM) (Dailianis et al. 2008) . The loci were amplified separately by PCR using standard reagents. Annealing temperatures ranged from 56 to 62°C among loci (details in Dailianis et al. 2008) . PCR amplified microsatellite fragments were analysed on a BaseStation 51™ DNA fragment analyser (MJ Research) and gels were semi-automatically typed using the software CARTOGRAPHER 1.2.6 (MJ Geneworks). Depending on marker, between 10 and 50% of the individuals from each sample were reanalysed to ensure consistency of results. Further actions were taken to minimise genotyping errors, as suggested by Bonin et al. (2004) . Thus, quality of PCR products was tested on a 6% agarose gel with a negative control to rule out contamination. Further, 4 controls of known genotypes were re-run on every gel to ensure consistent scoring of genotypes. Finally, all individuals in 3 samples were cross-typed by 2 persons independently, and a third sample was typed twice by the same person (typings separated by months). Fish with 4 or more missing single-locus genotypes were omitted from the dataset. Guo & Thompson (1992) implemented in GENEPOP 3.4 (Raymond & Rousset 1995) . Analyses for departure from gametic phase equilibrium (linkage disequilibrium) between pairs of loci by means of exact tests were also performed using GENEPOP 3.4.
Observed and expected heterozygosities (H O and H E ), Weir & Cockerham's (1984) inbreeding coefficient (F IS ), numbers of alleles (A) and allelic richness corrected for sample size (A r ) were calculated for each locus and sample using FSTAT 2.9.3 (Goudet 1995) . Differences in allelic richness between the Baltic Sea samples: Gotland, Gdansk, Bornholm and Arkona (GOT, GDA, BOR and ARK, respectively), and samples from the northern Kattegat, German Bight and Celtic Sea (KAT, GER and CEL, respectively, hereafter, slightly inaccurately, referred to as the North Sea group) were tested in FSTAT 2.9.3 using permutation tests. FSTAT 2.9.3 was also used to estimate differentiation (F ST ) between each pair of samples and overall using Weir & Cockerham's (1984) unbiased estimator θ. Pairwise population differentiation was tested using contingency tests implemented in FSTAT 2.9.3. We used PCAGEN 1.3.1 (available at: www2.unil.ch/popgen/softwares/pcagen. htm) to perform a principal component analysis (PCA) based on allele frequencies of all 11 samples and significance of each principal component (PC) was tested by 10 000 randomisations. The proportions of genetic variation distributed between the Baltic Sea and North Sea groups as well as between temporal samples within locations (GER and BOR) were estimated using a hierarchical analysis of molecular variance (AMOVA) implemented in ARLEQUIN 3.11 (Schneider et al. 2000) .
Salinity levels on spawning locations exhibit strong relationships with genetic structure in the Atlantic herring from the same area and are the environmental factors with the strongest explanatory power when analysing relationships between different environmental variables and population structure . To test for such a relationship in sprat partial Mantel tests were applied on all northern samples (i.e. omitting the Adriatic Sea, ADR) to test the correlation between θ values and either geographic distance (shortest waterway distance) or 'environmental distance' (applying difference in mean surface salinity as a proxy) alone, and controlling for each of the explanatory factors. These analyses were performed in FSTAT 2.9.3 using 10 000 randomisations.
RESULTS

Genetic variation
Overall, scoring of genotypes was consistent between persons, months and reanalyses. However, 38 spurious genotypes (usually inconsistent scoring of genotypes and/or consistently weak amplification of fragments) were omitted from further analyses leaving 931 individuals (78 to 88 per population) of which 94.9% of all genotypes were scored successfully (Appendix 1). The MICRO-CHECKER analyses did not suggest any major scoring problems, albeit 28 of 99 tests (28.3%) suggested minor problems with null alleles. Null allele frequencies (r) estimated according to Chakraborty et al. (1992) were in the range of r = 0.04 to 0.17 (average = 0.08) and distributed among 8 of 9 loci and all samples. Considering this wide and non-systematic distribution of potential null alleles and the fact that θ values did not appear to be seriously biased by the occurrence of null alleles (see below), genotype frequencies were not corrected before estimating population differentiation. Of 99 tests, 8 tests, distributed over 4 different loci (Spsp77C, Spsp133, Spsp154 and Spsp170), and 7 samples showed deviations from HWE (α = 0.05; Appendix 1) after adjusting for multiple sequential tests (Rice 1989) . No significant gametic phase disequilibrium was found across loci and samples after adjusting for multiple sequential tests. A r varied across loci (Appendix 1). Averaged over-loci estimates of A r did not vary significantly among samples within the 2 major groups (see Table 1 ). However, comparing groups of samples within each area (omitting BEL representing the central North Sea-Baltic Sea transition zone) revealed significantly lower genetic diversity in the Baltic Sea samples (A r = 14.05 ± 0.19 [mean ± SD]) compared with the North Sea group samples (A r = 17.10 ± 0.84, p < 0.01). However, differentiation was statistically non-significant when one or more of the loci exhibiting deviations from HWE were removed (not shown).
Temporal genetic differentiation
Spatial analyses of population differentiation
Due to the minor, but significant, temporal differentiation in the Bornholm Basin and the fact that sample sizes were large and fairly equal among collections, only the most recent temporal replicates (BOR06 and GER05) were used for spatial comparisons to reduce the overall temporal separation in spatial comparisons. Pairwise θ values for all 9 locations are shown in Table 2 and ranged from 0.001 to 0.089 with an overall θ of 0.030 (95% CI = 0.015 to 0.048, p < 0.001). The Adriatic Sea population was highly differentiated from all northern samples (pairwise θ = 0.073 to 0.089, p < 0.001 for all comparisons).
Pairwise comparisons between samples within the North Sea group and the Baltic Sea group, respectively, revealed low θ values (between 0.001 and 0.009). Nonetheless, all 3 pairwise tests within the North Sea group and 3 of 6 tests within the Baltic Sea group were statistically significant even after correcting for multiple tests (Table 2) . Pairwise comparisons between North Sea and Baltic Sea samples ranged from 0.019 to 0.031, and all were highly significant (p < 0.001). The Belt Sea sample was significantly differentiated from all neighbouring samples (p < 0.001) and showed a general pattern of intermediate levels of differentiation compared with North Sea-Baltic Sea comparisons (θ = 0.012 to 0.022).This pattern of a strong genetic differentiation between the Baltic Sea and the North Sea mirrored the steep gradient in average surface salinity (Fig. 2) .
A potential bias in population differentiation estimates due to 4 loci not exhibiting HWE in several samples (see above) was tested further by recalculating overall, as well as pairwise, θ after omitting each of these loci in turn and when omitting all 4 loci simultaneously. None of these estimates returned greatly differing overall values of θ and estimates obtained by omitting either Spsp77C, Spsp133 or Spsp154, respectively, resulted in slightly higher overall θ values (θ = 0.032 to 0.033). Thus, including information from those 3 loci is not expected to inflate estimates of differentiations across regions. Similarly, pairwise θ estimates changed little in any of the reanalyses testing the effect of all 4 loci (see above), although comparisons involving samples from the North Sea group gained statistical significance in a few cases. These minor changes do not warrant the exclusion of any of the 4 loci in the present study but illustrate that great caution should be taken when interpreting low (< 0.01) but statistically significant F ST estimates due to high Only the first 2 principal components of the PCA explained a significant proportion of the total genetic variance (PC1 and 2, p < 0.001; PC3 to 10, p = 1.000). The first principal component (PC1, explaining 42% of the variance) in the PCA plot (Fig. 3) mainly separated the ADR population from all others, while PC2 (explaining 32% of the variance) separated samples from the North Sea group and Baltic Sea group into 2 major clusters with the Belt Sea sample located in between (Fig. 3) . The Baltic Sea cluster did not reveal any obvious spatial pattern while a weak spatial pattern was evident within the North Sea group. The 2 temporal samples from the German Bight clustered together and exhibited statistically significant differentiation from the other samples in the North Sea area (KAT and CEL; Fig. 3, Table 2 ). Another PCA omitting the ADR population revealed no further spatial pattern among the remaining samples (not shown). The hierarchical AMOVA grouping temporal samples from the German Bight and Bornholm Basin, respectively, revealed a much higher degree of spatial (2.85%, p > 0.05) than temporal (0.15%, p < 0.05) genetic variance, although only the temporal comparison was significant. The lack of statistical significance for the former estimate was probably an effect of reduced statistical power in the spatial comparison due to fewer degrees of freedom compared with the temporal comparison (df = 1 and 2, respectively). Another AMOVA (omitting BEL) showed that a significant proportion of the observed genetic variation could be explained by differentiation between the North Sea group and Baltic Sea group (2.21%, p < 0.05) while differentiation among locations within these groups explained a much lower part of the overall genetic variation (0.32%, p < 0.001). Again, the lower level of statistical significance for the between-group comparison is probably explained by lower statistical power compared with the within-group comparison (df = 1 and 5, respectively). The partial Mantel tests revealed a higher correlation between genetic and environmental (salinity) distance (r = 0.98, p = 0.0001) than between genetic and geographic distance (r = 0.63, p = 0.0003). When controlling for environmental distance, the geographic distance parameter became non-significant (r = 0.63, p = 0.71) while the environmental parameter remained highly significant (r = 0.76, p = 0.0001) when controlling for geographic distance. (Nielsen et al. 2003) , turbot (Nielsen et al. 2004) , sprat (present study) and herring . Table 1 for sample locations. Principal components (PC) 3 to 10 each explained < 6.62% of the total variation. p-values for the proportion of inertia of each axis: PC1 = 0.01, PC2 = 0.01 and PC3 to PC10 = 1.00
DISCUSSION
Large-scale population structure
This is the first study to demonstrate highly significant population structure in European sprat based on highly polymorphic molecular markers. We estimated an overall F ST of 0.030 (95% CI = 0.015 to 0.048), which corresponds with similar scale studies of other marine fishes (Ruzzante et al. 1998 , Nielsen et al. 2003 , Hemmer-Hansen et al. 2007b ). We found a sharp genetic division between North Sea and Baltic Sea populations (see below). The Adriatic Sea population exhibited a relatively large divergence from all other samples (Table 2 , Fig. 3 ). This is in concordance with mtDNA data showing evidence for 2 'major clades', with one distributed in the eastern Mediterranean Sea, including the Adriatic Sea and Black Sea, and another in the western Mediterranean Sea, northeast Atlantic Ocean, North Sea and Baltic Sea (Debes et al. 2008 ). Contrary to the present study, Debes et al. (2008) found no differentiation in allele frequencies among samples ranging from the Bay of Biscay to the Western Baltic. Rather, when grouping samples from the northeast Atlantic, North Sea and Baltic Sea, Debes et al. (2008) found a unimodal mismatch distribution and a 'star-burst'-shaped haplotype network supporting a 'recent' (i.e. following postglacial creation of marine habitats 13 000 to 7600 yr BP) northward range expansion (Debes et al. 2008 ). These combined results suggest a recent (within the last 10 000 yr) split between northeast Atlantic and Baltic Sea populations. This would translate into approximately 4000 to 5000 sprat generations, which is assumed to be sufficient time for generating the observed levels of genetic differentiation through genetic drift, when considering realistic combinations of effective population size (N e ) and migration rate (m) for marine fishes (Hauser & Carvalho 2008) .
Population structure within the North Sea and the Baltic Sea
When studying spatial population structure in high gene flow scenarios, as in most marine fishes, it is vital to define a genetically unique population (Waples & Gaggiotti 2006 ). Here we apply the weakest criterion from Waples & Gaggiotti (2006) for defining populations from an evolutionary (and not demographic) paradigm, N e m < 25. Choosing a fixed threshold value will always be prone to subjectivity. However, the above threshold conforms to F ST values as low as ~0.01 being statistically highly significant (Waples & Gaggiotti 2006) , which is often the case for marine fishes. Thus, despite a few statistically significant pairwise comparisons within the Baltic Sea (Table 2) , our data most probably reflect an overall pattern of no spatial structure as inferred from, assumingly, neutral microsatellite markers. No study has revealed evidence of a temporally stable genetic structure of sprat within the Baltic Sea, and a previous approach applying allozyme markers also failed to distinguish among spawning components (Kozlovski 1988) .
Within the North Sea/North Atlantic group a weak structure, at most, was detected among populations (Fig. 3, Table 2 ). These low estimates of spatial differentiation mirror results obtained for other fishes in the area, e.g. herring (Mariani et al. 2005 ) and flounder (Hemmer-Hansen et al. 2007b) . The Celtic Sea sample did, however, not include spawning individuals and our estimate of differentiation might, thus, be an underestimate due to the potential inclusion of transient migrants from other populations. Nonetheless, no study has indicated that such migrations occur. Based on allozyme markers and phenotypic traits, Naevdal (1968) suggested the occurrence of reproductively isolated components of sprat among Norwegian fjords, as also reported in herring ) and cod (Knutsen et al. 2007 ). However, more detailed sampling is needed for a comprehensive analysis of population structure within the North Sea. The present results should not be interpreted as evidence that sprat in the North Sea and Baltic Sea areas, respectively, are effectively panmictic. For instance, adaptive genetic divergence at genes exposed to local selection can easily be overlooked when studying presumably neutral (i.e. non-functional) variation in a high gene flow scenario (e.g. see Hemmer-Hansen et al. 2007a ).
The North Sea-Baltic Sea transition zone
Our results support the existence of a barrier to gene flow separating the northern Kattegat, North Sea and Celtic Sea from Baltic Sea samples (Figs. 2 & 4) , with the Belt Sea sample representing a genetically intermediate transition zone. The clustering into 2 regions was further supported by the AMOVA results, which revealed that a higher degree of overall variation was explained by spatial variation between the 2 clusters compared with variation within clusters and between years. If we consider a scenario where 'genetically pure' populations occur in the Baltic Sea and the North Sea area, the narrow transition zone could reflect either a contact zone constituted of genetically admixed individuals (hybrids), or a zone where individuals from the 2 populations mix mechanically (i.e. a Wahlund effect). In theory, the latter scenario will lead to deviations from HWE causing higher than expected inbreed-ing coefficients (F IS ), but the multi-locus F IS estimate for the BEL sample is not fundamentally different from other samples (Appendix 1). The genetic composition of the BEL sample was further evaluated by simulating a mechanically mixed (50:50) sample of sprat from the 'pure' North Sea and Baltic Sea populations (using the procedure described in Nielsen et al. 2001 ). This simulated sample did not deviate significantly from HWE at any of the 9 microsatellite loci (results not shown), demonstrating that genetic resolution is too low for statistical detection of a potential Wahlund effect caused by mechanical mixing. Furthermore, calculating individual admixture proportions in the BEL sample, again assuming Baltic and North sea sprat as 'pure' contributing populations (following the procedure described in Nielsen et al. 2003) revealed that the distribution of BEL genotypes resembled a scenario of genetically admixed individuals, rather than mechanical mixing (results not shown).
The partial Mantel tests revealed a stronger correlation between genetic distance and difference in salinity on spawning sites, than between genetic and geographic distance. Results thus clearly demonstrate that isolation by distance is unlikely to account for the observed population structure per se (Figs. 2 & 3) . Although we cannot infer causal evolutionary processes directly from simple correlation analyses, our results suggest that salinity differences (and/or some correlated factor) play a role in maintaining reproductive barriers between the North Sea and Baltic Sea.
Other factors also probably reinforce reproductive isolation by limiting temporal and/or spatial overlaps of different groups of spawners and juveniles. Such potential factors include physical forcing ) and environmentally induced spawning behaviour and/or survival (Köster et al. 2003a ). However, these possible effects need not be mutually exclusive with an environmentally (e.g. salinity) induced barrier to gene flow.
Reduced allelic richness was observed in Baltic Sea sprat compared with samples from the northern Kattegat, North Sea and Celtic Sea (Table 1) . Similar results have been reported for cod (Nielsen et al. 2003) , herring ) and flounder (HemmerHansen et al. 2007b ). Founding of new populations is commonly associated with loss of genetic variation (Nei et al. 1975) . The shallow phylogeography of northeast Atlantic sprat populations (Debes et al. 2008) and the geographically marginal population in the Baltic Sea suggest a recent colonisation by sprat, potentially associated with reinforcement of adaptive divergence in response to low and varying salinity in the Baltic Sea (i.e. a primary contact zone scenario, Garant et al. 2007 ). However, alternative scenarios, such as a secondary contact zone created during the last glacial retreat (Hewitt 2004 , Knowles & Richards 2005 , as often suggested for invertebrates in this region (e.g. Väinölä 2003), cannot be ruled out based on the present data.
Interspecific comparison of genetic structure
Our study contributes to existing knowledge of marked genetic clines in marine fishes in the Baltic Sea and adjacent northeastern Atlantic regions. The threshold values in salinity for successful spawning (Fig. 4) further indicate that Baltic Sea components of most marine fishes indeed represent marginal populations with distributional boundaries governed by one or more environmental factors. Cod, in particular, is restricted to the deeper more saline water for successful spawning in the Baltic Sea basins (Fig. 4) . Interspecific differences in population structure patterns may reflect variation in, for example, spawning strategy, salinity tolerance (Fig. 4) and/or other traits. In this respect, it is intriguing that the geographic location of the most pronounced barriers to gene flow between Baltic Sea and North Sea populations indeed seems to differ among species (Fig. 2) . Bekkevold et al. (2005) showed that on a macro-geographical scale herring exhibits highly significant population structure with differentiation occurring across multiple barriers within the transition zone. This is similar to the 1-dimensional patterns observed for turbot (Nielsen et al. 2004 ) and (Nissling et al. 2006) , cod (Nissling & Westin 1997) , flounder (with pelagic eggs), plaice Pleuronectes platessa (Nissling et al. 2002) and herring (Griffin et al. 1998 ). All individuals originated from Baltic Sea populations unless otherwise stated. Arrows A, B and C show approximate surface salinities in the Baltic Sea proper, Kattegat and North Sea, respectively sprat (present study). In these species, genetic divisions mirror surface salinity gradients (Fig. 2 ). In contrast, areas of most restricted gene flow do not directly correlate with the surface salinity gradient for cod and flounder (Fig. 2) . For cod populations, a major division between components of the Western Baltic and the Baltic Sea proper occurs around the Bornholm Basin (Fig. 2 , Nielsen et al. 2003) . Indeed, the salinity and dissolved oxygen conditions of the Bornholm Basin presently make it the only major area suitable for cod spawning in the Baltic Sea (MacKenzie et al. 2000 , Köster et al. 2005 . In flounder, neutral genetic differentiation is comparatively low among populations from the Skagerrak and southwestern Baltic, and instead a sharp division is observed near Gotland in the central Baltic Sea (Fig. 2, Hemmer-Hansen et al. 2007b ). This division has been ascribed to the occurrence of a shift in life history strategy with populations north of this division having demersal eggs as opposed to pelagic eggs (Nissling et al. 2002) . When considering these interspecific differences, one cannot rule out small-scale sampling effects due to different sampling locations among species. However, even with a cautious interpretation we see strong evidence for interesting differences in the pattern of genetic structure, inferred from neutral microsatellites, among the species compared in Fig. 2 . This suggests that multi-species approaches in future studies might be rewarding in terms of untangling key evolutionary mechanisms shaping population structure in the sea and e.g. for implementing multispecies stock management. Furthermore, recent studies have provided more direct evidence for the existence of adaptive evolution in the marine environment, despite a background of high gene flow (Hemmer-Hansen et al. 2007a , Larsen et al. 2007 . Inferring the relative importance of external evolutionary drivers and species-specific traits like population history, life history strategy, and migratory and reproductive behaviours remains a great challenge. Therefore, it must be stressed that it is difficult to assess the relative importance of salinity compared with other such factors. Nevertheless, salinity seems to be a key external factor potentially driving evolution and shaping dispersal and population distribution patterns of marine organisms inhabiting the Baltic Sea, including European sprat. 
